Investigation of single spin asymmetries in pi^{+} electroproduction by Oganessyan, K. A. et al.
ar
X
iv
:h
ep
-p
h/
00
10
26
1v
1 
 2
2 
O
ct
 2
00
0
1
Investigation of single spin asymmetries in π+ electroproduction
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The azimuthal single target-spin asymmetries for pi+ production in semi-inclusive deep in-
elastic scattering of leptons off longitudinally polarized protons are evaluated using two main
approaches available in the literature. It is shown that the approximation where the twist-2
transverse quark spin distribution in the longitudinally polarized nucleon is small enough to be
neglected leads to a consistent description of all existing asymmetries observed by the HERMES
experiment.
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1. Introduction
Semi-inclusive deep inelastic scattering (SIDIS) of leptons off a polarized nucleon
l + ~p→ l′ + h+X (1)
is an important process to study the internal structure of the nucleon and its spin prop-
erties. In particular, measurements of azimuthal distributions of the detected hadron
provide valuable information on hadron structure functions, quark-gluon correlations and
parton fragmentation functions.
A significant target-spin asymmetry of the distributions in the azimuthal angle φ of the
pion related to the lepton scattering plane for π+ electroproduction in a longitudinally
polarized hydrogen target has been recently observed by the HERMES collaboration [1,2].
At the same time the SMC collaboration has studied the azimuthal distributions of pions
produced in deep inelastic scattering off transversely polarized protons and deuterons [3].
These results have been interpreted as the effects of naive “time-reversal-odd” (T-odd)
fragmentation functions [4–8], arising from non-perturbative hadronic final-state interac-
tions. They have initiated a number of phenomenological approaches to evaluate these
asymmetries using different input distribution and fragmentation functions [9–15]. Actu-
ally, there are two main approaches in the literature which aim at explaining the experi-
mental data:
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2(i) The approximation where the twist-2 transverse quark spin distribution in the lon-
gitudinally polarized nucleon, h
⊥(1)
1L (x), is considered small enough to be neglected [9–12].
This results in good agreement with the Bjorken-x behavior of the sinφ and sin2φ asym-
metries observed at HERMES. Note, that this does not require the twist-3 interaction-
dependent part of the fragmentation function, H˜(z), to be zero.
(ii) The approximation where the contribution of the interaction-dependent twist-3
term, h˜L(x), in the distribution function hL(x) is assumed to be negligible, but H˜(z) is
not constrained [10].
Another approximation, where only the twist-2 distribution and fragmentation func-
tions are used, i.e. the interaction-dependent twist-3 parts of distribution and fragmenta-
tion functions are neglected, was proposed earlier [14,15]. For certain values of parameters
this results in good agreement with the HERMES data [1]. However, it leads to the in-
consistency that all T-odd fragmentation functions would be required to vanish [6,16].
Thus, in following we do not consider it anymore.
In this paper we provide an analysis in the framework of the two above given approxi-
mations to evaluate the single target-spin sinφ and sin 2φ asymmetries for π+ production
observed at HERMES [1,2] in semi-inclusive deep inelastic scattering of leptons off longi-
tudinally polarized protons.
The paper is organized as follows: In Sec. 2 we define the single spin azimuthal asym-
metries and the involved twist-2 and twist-3 distribution and fragmentation functions. In
Sec. 3 we analyze the numerical results on the sinφ and sin 2φ asymmetries. In Sec. 4
we summarize the results.
2. Single spin asymmetries in γ∗~p→ πX
The kinematics of the process (1) is illustrated in Fig. 1: k1 (k2) is the 4-momentum
of the incoming (outgoing) charged lepton, Q2 = −q2, where q = k1 − k2, is the 4-
momentum of the virtual photon. P (Ph) is the momentum of the target (observed)
hadron, x = Q2/2(Pq), y = (Pq)/(Pk1), z = (PPh)/(Pq), k1T is the incoming lepton
transverse momentum with respect to the virtual photon momentum direction, and φ is
the azimuthal angle between PhT and k1T around the virtual photon direction. Note that
the azimuthal angle of the transverse (with respect to the virtual photon) component of
the target polarization, φS, is equal to 0 (π) for the target polarized parallel (anti-parallel)
to the beam [17].
The sinφ and sin 2φ moments in the SIDIS cross-section can be related to the par-
ton distribution and fragmentation functions involved in the parton level description of
the underlying process [5,6]. These moments are defined as appropriately weighted in-
tegrals over PhT (the transverse momentum of the observed hadron) of the cross section
asymmetry:
〈
|PhT |
Mh
sinφ〉 ≡
∫
d2PhT
|PhT |
Mh
sin φ (dσ+ − dσ−)∫
d2PhT (dσ+ + dσ−)
, (2)
〈
|PhT |
2
MMh
sin 2φ〉 ≡
∫
d2PhT
|PhT |
2
MMh
sin 2φ (dσ+ − dσ−)∫
d2PhT (dσ+ + dσ−)
. (3)
3Here +(−) denotes the anti-parallel (parallel) longitudinal polarization of the target
and M (Mh) is the mass of the target (final hadron).
The weighted single target-spin asymmetries defined above are related to the ones
measured by HERMES [1] through the following relations:
AsinφUL ≈
2Mh
〈PhT 〉
〈
|PhT |
Mh
sin φh〉, (4)
Asin 2φUL ≈
2MMh
〈P 2hT 〉
〈
|P 2hT |
MMh
sin 2φh〉, (5)
where the subscripts U and L indicate unpolarized beam and longitudinally polarized
target, respectively.
These asymmetries are given by [5,6,17] 3
〈
|PhT |
Mh
sinφh〉 =
1
I0
[I1L + I1T ], (6)
〈
|PhT |
2
MMh
sin 2φh〉 =
8
I0
SL(1− y) h
⊥(1)
1L (x)z
2H
⊥(1)
1 (z), (7)
where
I0 = (1 + (1 + y)
2)f1(x)D1(z), (8)
I1L = 4SL
M
Q
(2− y)
√
1− y [−2h
⊥(1)
1L (x)zH
⊥(1)
1 (z)
+ xh˜L(x)zH
⊥(1)
1 (z)− h
⊥(1)
1L (x)H˜(z)], (9)
I1T = 2ST x (1− y) h1(x)zH
⊥(1)
1 (z). (10)
Here the components of the longitudinal and transverse target polarization in the vir-
tual photon frame are denoted by SL and STx, respectively. Twist-2 distribution and
fragmentation functions have a subscript ‘1’: f1(x) and D1(z) are the usual unpolarized
distribution and fragmentation functions, while h
⊥(1)
1L (x) and h1(x) describe the quark
transverse spin distribution in longitudinally and transversely polarized nucleons, respec-
tively. The interaction-dependent part of the twist-3 distribution function in the longitu-
dinally polarized nucleon, hL(x) [18], is denoted by h˜L(x) [19,20].
For approach (i), where the twist-2 transverse quark spin distribution in the longitudi-
nally polarized nucleon, h
⊥(1)
1L (x), is set to zero, it follows:
hL(x) = h˜L(x) = h1(x). (11)
In approach (ii) the interaction-dependent twist-3 part, h˜L(x), of the twist-3 distribution
function, hL(x), is set to zero and hence [19,20]:
h
⊥(1)
1L (x) = −x
2
∫ 1
x
dy
h1(x)
y2
. (12)
3We omit the current quark mass dependent terms.
4It is worth noting here that calculations performed in the instanton model of Quantum
Chromodynamics [21] indicate the parametric smallness of the twist-3 contribution to the
polarized structure function, while in the bag model this twist-3 contribution is compa-
rable to the twist-2 contribution at small Q2 [19,22].
The spin-dependent fragmentation function H
⊥(1)
1 (z), describing transversely polarized
quark fragmentation [4], correlates the transverse spin of a quark with a preferred trans-
verse direction for the production of the pion. The fragmentation function H˜(z) is the
interaction-dependent part of the twist-3 fragmentation function, H(z), [6] and is directly
connected to H
⊥(1)
1 (z):
H˜(z) = z
d
dz
(zH
⊥(1)
1 (z)). (13)
The distribution and fragmentation functions with superscript (1) denote p2T -, k
2
T - mo-
ments, where pT , kT are the intrinsic transverse momenta of the initial and final quark,
respectively.
3. Numerical results
For the numerical calculations in this work the non-relativistic approximation h1(x) =
g1(x) is used as a lower limit
4, and h1(x) = (f1(x) + g1(x))/2 as an upper limit [27]. For
the sake of simplicity, Q2-independent parameterizations were chosen for the distribution
functions f1(x) and g1(x) [28].
To obtain the T-odd fragmentation function H
⊥(1)
1 (z), the Collins ansatz [4] for the
analyzing power of transversely polarized quark fragmentation was adopted:
AC(z, kT ) ≡
|kT |
Mh
H⊥1 (z, k
2
T )
D1(z, k
2
T )
= η
MC |kT |
M2C + k
2
T
, (14)
where η is taken as a constant, although, in principle it could be z dependent.
For the distribution of the final parton intrinsic transverse momentum, kT , in the unpo-
larized fragmentation function D1(z, k
2
T ), a Gaussian parameterization was used [29] with
〈z2k2T 〉 = b
2 (in the numerical calculations b = 0.36 GeV was taken [30]). For Dpi
+
1 (z), the
parameterization from Ref. [31] was adopted. In Eq.(14) MC is a typical hadronic mass
whose value ranges from 2mpi to Mp.
It is important to point out here that the T-odd fragmentation function calculated
with the Collins ansatz (Eq.(14)) at a reasonable value of the parameter MC (MC = 2mpi)
with η = 1.0, turns out to be in very good agreement with the parameterization [10,32]
that was based on a fit of pp↑ → πX experimental data [33]. In our calculations a good
agreement with HERMES results was achieved at that value of MC , with η = 0.8. This
value of η may indicate possible contributions of other mechanisms [34,35] in pp↑ → πX .
In Fig. 2, the asymmetry AsinφUL (x) of Eq.(4) for π
+ production on a proton target
evaluated within the two approaches described in the Sec. 1, is presented as a function of
4In the non-relativistic quark model h1(x, µ
2
0
) = g1(x, µ
2
0
). Several models suggest that h1(x) is close to
g1 [19,23,24]. The evolution properties of h1 and g1, however, are very different [25]. At the Q
2 values of
the HERMES measurement the assumption h1 = g1 is fulfilled at large, i.e. valence-like, x values, while
large differences occur at lower x [26].
5Bjorken-x and compared to HERMES data [1], which correspond to 1 GeV2 ≤ Q2 ≤ 15
GeV2, 4.5 GeV ≤ Epi ≤ 13.5 GeV, 0.02 ≤ x ≤ 0.4, 0.2 ≤ z ≤ 0.7, and 0.2 ≤ y ≤ 0.8.
The curves have been calculated by integrating over the HERMES kinematic range tak-
ing 〈PhT 〉 = 0.365 GeV and 〈P
2
hT 〉 = 0.165 GeV
2 as input. The latter values are obtained
in this kinematic region assuming a Gaussian parameterization of the distribution and
fragmentation functions with 〈p2T 〉 = (0.44)
2 GeV2 [30].
The results obtained within the approaches (i) and (ii) are denoted by pairs of full and
dashed lines, respectively. For each approach two curves are presented according to the
upper and lower limits chosen for h1(x).
From Fig. 2 it can be concluded that there is good agreement between results of the
approach (i) and the HERMES data. The results of approach (ii) appear too low.
Note that the ‘kinematic’ contribution to AsinφUL (x), coming from the transverse compo-
nent of the target polarization with respect to the virtual photon direction and given by
I1T (Eq.(10)), is about (45 − 50)% in approach (ii). In approach (i), where the twist-3
part of the fragmentation functions does not contribute (because of h
⊥(1)
1L (x) ≈ 0) [9–12],
it amounts to 25%.
The z dependence of the asymmetry AsinφUL is shown in Fig. 3 and compared with HER-
MES preliminary data [2], which here extend up to z = 1. In approach (i) the sinφ
asymmetry increases with z and is in good agreement with data up to z = 0.8. The sharp
decrease of data for higher z values reflects the transition from the semi-inclusive to the
exclusive regime which requires a different investigation. In this respect our calculations
are limited to z ≤ 0.9. In approach (ii) the behavior of the asymmetry is quite differ-
ent from that in approach (i) and fails to describe the experimental data already above
z ≈ 0.5.
Finally, in Fig. 4 the asymmetry Asin 2φUL of Eq.(5) is presented for π
+ production on a
proton target as a function of Bjorken-x and compared to HERMES data [1]. Approach
(ii), where h
⊥(1)
1L (x) = 0, leads directly to A
sin 2φ
UL = 0 in better agreement with the data.
The curves from approach (ii) are also compatible with the data, taking into account their
total accuracy. Clearly, more accurate data will better constrain the phenomenological
predictions. It is worth mentioning that by changing the parameters of the input functions
it is possible to increase the magnitude of the |AsinφUL | asymmetry calculated in the approach
(ii). However, this also modifies the z-dependence leading to a stronger disagreement
with the data, and also increases the magnitude of the calculated asymmetry |Asin 2φUL |
deteriorating the compatibility with the data.
In addition we note that approach (i) well describes the PhT dependence of A
sinφ
UL ob-
served at HERMES [36], too.
4. Conclusions
We have evaluated the AsinφUL and A
sin 2φ
UL single-spin asymmetries for semi-inclusive π
+
production in semi-inclusive deep inelastic scattering of leptons off longitudinally polarized
protons using the two main approaches available in the literature. The results have been
compared to the recent HERMES data. The approximation where the twist-2 transverse
quark spin distribution in the longitudinally polarized nucleon, h
⊥(1)
1L (x), is neglected, gives
a consistent description of bothAsinφUL (x) andA
sin 2φ
UL (x) and describes well the z-dependence
6of AsinφUL .
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Figure 1. The kinematics of the process (1).
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Figure 2. The single target-spin asymmetry AsinφUL for π
+ production as a function of
Bjorken-x, evaluated using MC = 2mpi and η = 0.8 in Eq.(14). The results obtained
within approaches (i) and (ii) are denoted by pairs of full and dashed lines, respectively.
For each approach two curves are presented corresponding to h1 = g1 (lower curve) and
h1 = (f1 + g1)/2 (upper curve). HERMES data are from Ref. [1].
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Figure 3. The single target-spin asymmetry AsinφUL for π
+ production as a function of z
evaluated using the same parameters as in Fig. 2. The curves have the same notations
as in the Fig. 2. HERMES preliminary data not corrected for smearing (the error bars
correspond to the statistical uncertainties only), are taken from Ref. [2].
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Figure 4. The single target-spin asymmetry Asin 2φUL for π
+ production as a function of
Bjorken x, evaluated using the same parameters as in Fig. 2. The curves have the same
notations as in the Fig. 2; the line at Asin 2φUL = 0 corresponds to the result of approach (i).
Data are from Ref. [1].
